Erythrocyte Membrane, Antioxidant Activity, Fluidity
Introduction
It has long been known that peroxidation of the lipid phase of biological membranes may lead to serious damage of the mem branes leading in the extreme to cell death or serious disturbance in its metabolic processes (Bartosz, 1995; Halliwell and Gutteridge, 1989) . This is the reason for con tinuous search for more effective antioxidants that could be incorporated into the cell mem brane to protect it against oxidation and, at the same time, not impairing its biological functions. Investiga tions published in recent years on this topic are concerned both with natural and synthetic antioxi dants (Ariga and Hamano, 1990; Kilinc and Rouhani, 1992; Rios et al., 1992; Chen et al., 1996; Rasetti et al., 1996/97; Vaya et al., 1997; Karen et al., 1997) .
The aim of the present investigations was to de termine the antioxidant activity of two series of new compounds from a group of quaternary am monium salts with a hindered phenol substituent as an antioxidant group function. Both series be long to the so-called bifunctional surfactants, which at higher concentrations can be used as common pesticides (Witek et al., 1997) , and differ in the halide counterion. Both series are deriva tives of dihydrocinnamic acid. O ne series consisted of chlorides (D EE-n) while the other one of bro mides (DEA-n). The hemolysis of pig erythrocytes (RBC) and the degree of the lipid oxidation in RBC membranes subjected to UV irradiation were studied in the presence of both series. Also, the measurements of fluidity changes of erythro cyte ghosts were performed at sublytic concentra tions of the compounds studied. Erythrocytes were 0939-5075/2000/1100-0976 $ 06.00 © 2000 Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com • D chosen as a model to study the antioxidative prop erties of the bifunctional surfactants because the latter were shown to incorporate into the lipid phase of erythrocyte membranes 1999; Kleszczynska and Sarapuk, 1998) . It is generally assumed that hemolytic effects, es pecially caused by amphiphilic compounds, take place at the lipid phase of RBCs.
The results obtained allowed to evaluate the po tential antioxidant activity of the compounds studied and may be helpful to synthesize new, more potent antioxidants.
Materials and Methods

Reagents
The bifunctional quaternary ammonium salts with antioxidant function are presented in Fig. 1 . They were synthesized in our laboratory. The structure and purity of the compounds were con firmed by !H-NM R spectra (Bruker Avance DRX300 instrum ent, in deuteriochloroform , TMS as internal standard). The spectral data of the D EA-10 and DEE-12 compounds are given as ex amples: 
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Hemolytic studies
Fresh heparinized pig blood was used in the he molytic experiments. Erythrocytes (RBC) were washed four times in phosphate buffer of pH 7.4 and incubated in it, after adding chosen concentra tions of D EA -n and D EE-n compounds (0.5, 1.0, 1.5, 2.0 and 2.5 m M ) , at 37 °C for 4 h. The hem ato crit was 2%. Percent of hemolysis was m easured of 1 ml samples taken after 0.5, 1, 1.5, 2, 3 and 4 h of incubation. They were centrifuged and the he moglobin content in the supernatant was m ea sured with a Specol 11 spectrophotom eter (Carl Zeiss, Jena, Germany) at 540 nm. Kinetic curves of hemolysis (not included into this paper) were then used for calculation of the concentration of compound inducing 50% hemolysis (C50).
Oxidation studies
Erythrocyte mem branes were prepared, accord ing to Dodge et. al. (1963) from fresh heparinized pig blood. Erythrocytes were suspended in a phosphate solution of pH 7.4. The bifunctional surfac tants were added to the suspension containing erythrocytes and their protective antioxidative ef fect com pared with a control solution containing no compound. The lipid peroxidation in the eryth rocyte m em brane was induced by UV radiation (bactericidal lamp, intensity 3.5 mW/cm2). The measure of the antioxidant efficacy of the com pounds studied was their concentration inhibiting by 50% lipid oxidation (IC50) relative to the con trol sample oxidation. The degree of lipid peroxi dation was determ ined by m easurem ent of malonic dialdehyde concentration released in the samples, using its colour reaction with thiobarbituric acid (Bartosz, 1995; Stock and Dormandy, 1971) . In order to do it, 1 ml samples were taken and 1 ml of trichloroacetic acid (TCA; 15% TCA in 0.25 M HC1) and 1 ml of thiobarbituric acid (TBA; 0.37% TBA in 0.25 m HC1) were added. The samples taken were stoppered with a ball and heated at 100 °C for 15 min, and then cooled fast and centrifuged, the absorption of supernatant was measured at 535 nm.
Fluorimetric studies
Fluorimetric studies were perform ed on eryth rocyte ghosts. Erythrocyte mem branes were pre pared according to Dodge et al. (1963) m ethod from fresh heparinized pig blood. Erythrocyte m embranes subjected to the action of the antioxi dants studied or erythrocyte ghosts oxidized in the absence or presence of antioxidant compounds were labelled with the fluorescent probe TMA-DPH [(l-(4-trimethylammoniumphenyl)-6-phenyl-l,3,5-hexatriene p-toluenesulfonate] at 1 [xm concentration. The concentration of the com pounds of series D EA-n was 6 |im and that of series D EE-n was 10 jxM, respectively. These con centrations correspond to those found in the oxi dation studies for compounds that were the most potent antioxidant inside each series. Protein con centration in the samples was ca. 100 |ig/ml. The measurem ents were perform ed with an SFM 25 spectrofluorim eter (KONTRON). On the basis of fluorescence intensity measurem ents the anisot ropy coefficient was calculated according to the formula (Lakowicz, 1983; Campbell and Dwek, 1984; Lentz 1988) :
where Iu -intensity of fluorescence em itted par allel to the polarization plane of the exciting light, 7_l -intensity of fluorescence emitted perpendicu lar to the polarization plane, G -diffraction con stant, dependent on wavelength.
Results and Discussion
The results of the experiments perform ed are presented in Figs. 2 and 3, showing the values of IC50 and anisotropy coefficient (A) found for DEA-n and DEE-n compounds, respectively. The results of hemolytic experiments are collected in Table I . Note that concentrations of the com pounds causing 50% hemolysis (C50) are at least two orders of magnitude higher than those at which fluidity experiments were done or concen trations inhibiting by 50% the mem brane lipid oxi dation (IC50) calculated relative to non-protected control samples. Practically, this means that the compounds concentration used in the latter ex periments were far from concentrations at which bifunctional surfactants would be applied as pesti cides or far from those destroying mem branes and/ or impairing their function. It also means that the compounds studied can be safely used in micromo lar concentrations as antioxidants without a dan ger to the erythrocyte membrane.
It can be seen in Fig. 2 that the antioxidant effi cacy of both series depended on the length of the hydrophobic parts of the compounds and that there are efficacy maxima for DEA-14 and D EE-14 compounds. The poor protective antioxidant potency of the longest compounds of both series in comparison with fourteen carbon atoms ones reminds of the loss of bactericidal activity found for several homologous series of pesticides (Devinsky et al., 1990; Uhrikova et al., 1993; Balgavy and Devinsky, 1994) . A possible explanation may be the appearence of an interdigitated structure where a compound, also an amphiphilic one, in corporated into one m onolayer of the lipid bilayer can extend its hydrocarbon chain into the opposite monolayer thus stabilizing the bilayer. In order to explain such possibility, fluidity experiments were performed. Fluidity of erythrocyte ghosts, m ea sured by change of the anisotropy coefficient (A), was found to depend on the length of the hy drophobic part of the compounds (Fig. 3) . How ever, contrary to the oxidation studies, no maxima of the fluidity change were found. The greatest flu idity changes found for the DEA-16 and DEE-16 imply that those compounds, like all others, did not stabilize the lipid bilayer. This problem needs further investigation. Perhaps the concentrations used ( 6 [iM and 10 for the DEA-n and DEEn series, respectively) were too low. They were chosen on the basis of the oxidation studies with DEA-14 and DEE-14 causing 50% inhibition of the lipid oxidation. The antioxidant activity depends mainly on num ber and localization of its hindered hydroxyl groups (Chen et al., 1996) . The investigations pre sented here have shown that hydrophobicity has a strong influence on antioxidant properties be cause, among others, it decides on the depth of incorporation of the compound into the lipid bi layer. The result of different embedding of a bi functional surfactant is a different localization of its antioxidant fragment. It seems that the closer the antioxidant function is localized at the bilayer surface the more pronounced is the antioxidative efficiency of the surfactant.
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Corroborating previous results, brom ide surfac tants protect more effectively erythrocyte m em branes against peroxidation than the chloride ones. Apparently, such difference between the bromide and chloride anions is due to different possibilities to modify the electrostatic potential at the lipid bilayer surface Sarapuk et al., 1998) . 
